ADDITIONAL INDEX WORDS. Diaphorina citri, foliar silicon concentration, integrated pest management, plant herbivory, sucking insects, host defense mechanisms SUMMARY. Asian citrus psyllid [ACP (Diaphorina citri)] is one of the most serious threats to the global citrus (Citrus sp.) culture, and management of ACP has depended primarily on the application of chemical insecticides. The expression of resistance mechanisms to herbivory is a key component in integrated pest management in crop production in which silicon (Si) applications can play an important role in plant-insect relationships. The objective of the current study was to evaluate the application of Si to tahiti lime (Citrus latifolia) plants under natural infestations of ACP. Two experiments were conducted using 15-month-old seedlings and 2-year-old trees, respectively. Treatments were 1) foliar Si sprays (potassium silicate) at a dose of 2 mLÁL -1 , 2) soil Si application at a dose of 1 kg commercial product per plant, 3) combined soil and foliar applications of Si at the doses just listed, and 4) untreated plants (control). The application of Si treatments to both seedlings and trees affected ACP oviposition, causing a reduction of 60%. Applications of Si did not affect the nutritional status (macronutrients and micronutrients) of plants in either test, except that the foliar concentration of Si tended to be greater in the soil and soil D foliar treatments than in the other treatment in both seedlings and trees. Based on these results, we suggest that Si can be added as a component of ACP integrated pest management programs.
SUMMARY. Asian citrus psyllid [ACP (Diaphorina citri)] is one of the most serious threats to the global citrus (Citrus sp.) culture, and management of ACP has depended primarily on the application of chemical insecticides. The expression of resistance mechanisms to herbivory is a key component in integrated pest management in crop production in which silicon (Si) applications can play an important role in plant-insect relationships. The objective of the current study was to evaluate the application of Si to tahiti lime (Citrus latifolia) plants under natural infestations of ACP. Two experiments were conducted using 15-month-old seedlings and 2-year-old trees, respectively. Treatments were 1) foliar Si sprays (potassium silicate) at a dose of 2 mLÁL -1
, 2) soil Si application at a dose of 1 kg commercial product per plant, 3) combined soil and foliar applications of Si at the doses just listed, and 4) untreated plants (control) . The application of Si treatments to both seedlings and trees affected ACP oviposition, causing a reduction of 60%. Applications of Si did not affect the nutritional status (macronutrients and micronutrients) of plants in either test, except that the foliar concentration of Si tended to be greater in the soil and soil D foliar treatments than in the other treatment in both seedlings and trees. Based on these results, we suggest that Si can be added as a component of ACP integrated pest management programs. R elationships among fertilizer applications and pest populations are described in the scientific literature, particularly in response to nitrogen (N) fertilization (Rashid et al., 2017; Singh and Sood, 2017) . However, Si application has acquired importance because of its role as a beneficial element in the mitigation of both abiotic and biotic plant stresses during recent years (Marschner, 2012; Reynolds et al., 2016) .
Si plays an important role in mediating resistance to a wide range of biotic stresses caused by plant pathogens and insect pests (Debona et al., 2017) . The use of Si has been reported as a promoter of plant resistance to pest attack (Reynolds et al., 2009; Stenberg, 2017; Teixeira et al., 2017; Yang et al., 2017) . Si forms a physical barrier on the leaf, conferring resistance to herbivory by modulating the sedimentation of callose in the sieve tube elements in the plant, the biosynthesis of secondary metabolites, and the regulation of jasmonic acid, all of which are associated with plant defense mechanisms (Yang et al., 2017 (Yang et al., , 2018 Ye et al., 2013) .
Si application can be deposited in intra-and intercellular spaces after plant uptake, and its accumulation can affect herbivorous arthropods directly and indirectly (Pozza et al., 2015; Reynolds et al., 2016; Yang et al., 2017) . Si accumulation can act directly, leading to a reduction in insect performance and plant damage, whereas indirect effects delay herbivore establishment (Reynolds et al., 2009 ).
The addition of Si has reduced plant damage and/or population densities caused by chewing insects [e.g., fall armyworm (Spodoptera frugiperda) and american grasshopper (Schistocerca americana) (Nabity et al., 2012; Nascimento et al., 2018) ] and sucking insects [e.g., green peach aphid (Myzus persicae) and spittlebugs (Mahanarva fimbriolata) (Kornd€ orfer et al., 2011; Ranger et al., 2009) ]. However, Si application has been reported to reduce mainly oviposition (Reynolds et al., 2009) . Studies have concluded that an Si supply affected oviposition preference negatively the tobacco whitefly (Bemisia tabaci) in the common bean [Phaseolus vulgaris (Peixoto et al., 2011) ] and the cucurbit beetle (Diabrotica speciosa) in potato [Solanum tuberosum (Assis et al., 2012) ].
Si has been supplied via soil or in sprays for the management of herbivores in dicotyledon crops such as cotton (Gossypium hyrsutum), cucumber (Cucumis sativus), and tomato (Solanum lycopersicum) (Reynolds et al., 2016) . In this context, foliar Si applications increased the mortality of tobacco whitefly nymphs on cucumber (Cucumis sativus) (Correa et al., 2005) . Soil fertilization with calcium (Ca) or potassium silicate favored resistance to arthropods in wheat (Triticum aestivum) and citrus plants by decreasing population density or increasing leaf Si concentration, respectively (Gomes et al., 2005 Matichenkov et al., 1999) . Soil Si supply also caused a population reduction around 60% in cotton bollworm (Pectinophora gossypiella) (El-Ghobary and El-Samahy, 2015) . Last, a previous study also showed that soil or foliar potassium silicate applications caused a decrease in the total number of ACP individuals (i.e., adults, nymphs, and eggs) in tahiti lime trees (Ram ırez-Godoy et al., 2018) . Combined Si application (soil + foliar) may also increase plant resistance. Assis et al. (2013) found that soil and foliar Si applications increased the mortality of sunflower patch (Chlosyne lacinia) larvae %10% compared with that with soil application alone on sunflower (Helianthus annuus) plants, concluding that this combined strategy conferred resistance to sunflower plants because of a greater Si accumulation, which affected leaf palatability. In addition, De Queiroz et al. (2016) observed that soil and foliar Si applications mainly decreased red gum lerp psyllid (Glycaspis brimblecombei) oviposition in river red gum (Eucalyptus camaldulensis).
ACP is currently the most important pest for global citriculture as the vector responsible for transmitting the bacterial pathogen Candidatus Liberibacter asiaticus and Candidatus Liberibacter americanus, which cause Huanglongbing disease (HLB) (Halbert et al., 2000) . ACP feeds primarily on the phloem in new flush shoots, young leaves, and mature leaves (Luo et al., 2015) . Yang et al. (2017) noted that Si amendment induces defense responses against insects that feed on the phloem. Si can interfere with the feeding habit of sucking insects because the movement and penetration of the stylet can be limited by the intracellular accumulation of this element (Ranger et al., 2009) . Also, the development of alternative management strategies that favor host plant resistance to this insect pest could improve integrated management programs significantly against ACP (Hall et al., 2013) . Consequently, it can be hypothesized that Si application may have effects on pest management of disease vectors like ACP by affecting the pest through its oviposition preference.
For ACP management, growers have focused primarily on the application of chemical insecticides (neonicotinoids and pyrethroids group) to protect orchards and nurseries as a result of their quick activity and broad spectrum (Chen and Stelinski, 2017; Stansly and Rogers, 2006; Tiwari et al., 2011) . The continuous use of insecticides has increased the episodes of resistance in ACP populations, which have decreased the effectiveness of insecticides in citrus-growing regions such as Florida and Texas (Boina and Bloomquist, 2015) . In addition, populations of natural enemies that contribute to ACP control are affected by the high use of chemical insecticides (Hall et al., 2013) . Si fertilization does not cause toxic residues in food or in the environment, is relatively low cost, and could be integrated easily into other pest management strategies such as biologic, chemical, and cultural practices (Laing et al., 2006) . Moreover, the use of Si could be an alternative practice to ACP control because integrated management strategies are required by citrus growers (Khan et al., 2015) .
ACP was officially reported in Colombia in 2007 (Santivañez et al., 2013) . In 2015, the Colombian Agricultural Institute declared a phytosanitary emergency status as a result of the presence of ACP adults infected with the bacteria that cause HLB disease (Colombian Agricultural Institute, 2015) . However, reports suggesting the use of Si as an inducer of resistance against ACP in citrus trees are scarce both locally and internationally (Krajewski and Krajewski, 2011) . Therefore, the objective of this study was to evaluate the effect of different applications of Si fertilization (soil, sprays, and soil + sprays) on ACP populations (adults, nymphs, and eggs) either in seedlings or trees under natural infestation, as well as to quantify how these treatments could affect the leaf nutritional status (macronutrient, micronutrient, and Si concentration) and attractiveness to the pest in tahiti lime seedlings and trees, because Si use may provide further protection in potting media or orchard conditions.
Materials and methods
Two separate experiments on seedlings and field-grown trees were carried out to estimate the effect of potassium silicate applications (foliar, soil, or combined) on ACP population density under dry forest conditions. SEEDLINGS. A preliminary experiment was conducted for 4 weeks (June and July 2017) at the farm ''La Rochela'' (lat. 4°33'22.1"N, long. 74°43'36.8"W; altitude, 305 m) in the municipality of Jerusalen in Colombia. Timing of the study was selected based on previous observations of ACP activity in this region (Ram ırez-Godoy et al., 2018) . Tahiti lime seedlings were purchased from a local wholesale nursery. Plants were grown in plastic bags containing a 1:1:1 mixture of native soil, sand, and rice husks. This substrate is commonly used by commercial nurseries in Colombia. Fifteen-month-old tahiti lime seedlings grafted onto 'CPB 4475' citrumelo (Citrus paradisi · Poncirus trifoliata) were used in this experiment and were fertilized previously using a 15N-6.5P-12.5K fertilizer (Ingeplant, Mosquera, Colombia). To increase the likelihood of a natural ACP infestation, the seedlings were placed on the borders of a commercial tahiti lime orchard. S etamou et al. (2008) stated that this insect tends to be more prevalent at the edges of orchards. The distance between seedlings was 5 m to cover the entire orchard. Seedlings were irrigated three times per week with 500 mL water.
Experimental units were groups of three seedlings (per treatment per block) for a total of 12 plants/treatment. Seedlings were inspected previously to guarantee they were ACP-free (adults, nymphs, and eggs) before the test started. The experiment was conducted at La Rochela, allowing natural infestations of ACP, because the Universidad Nacional (Bogot a campus) headquarters is located at 2600 m elevation, and this altitude does not allow for the proper development of ACP populations (Ebratt-Ravelo et al., 2011; Jenkins et al., 2015) .
The treatments established in this preliminary test were 1) seedlings without Si treatment (control); 2) seedlings treated with foliar potassium silicate sprays (Nitrosil-K; Agromil, Ibagu e, Colombia) at 2 mLÁL -1 ; 3) soil potassium silicate application (Siliceo-K; Agromil) at 650 mg/ plant, which was equivalent to 1 kg of the commercial product; and 4) seedlings treated with soil and foliar potassium silicate applications at the doses just described.
At weeks 0 and 2 after the seedlings were placed in the orchard, foliar applications were performed between 0700 and 0800 HR with a backpack sprayer (using an application volume of 0.25 L/plant), wetting both the upper and lower surfaces of leaves. All foliar applications were made without adjuvant. The soil application was performed at the beginning of the test [0 week after treatment (WAT)], incorporating the Si fertilizer within the top 10 cm of the surface of the bag.
SILICON APPLICATION ON TAHITI LIME TREES. This test was also conducted on the same commercial orchard as the seedling test. The test used 2-year-old (trees were 1.50 m tall and their canopies were 1 m wide) field-grown tahiti lime trees grafted onto 'CPB 4475' citrumelo. In addition, all trees were spaced at 8 · 5 m. This experiment also lasted 4 weeks and occurred between Aug. and Sept. 2017. The climatic conditions (rainfall and average temperature) during the experiment are presented in Fig. 1 . Trees were managed according to the recommendations of Orduz-Rodr ıguez and Mateus (2012) for commercial citrus management in Colombia, which included rowcover crop maintenance, weed removal, nutrient management (15N-6.5P-12.5K fertilizer at 200 g/tree), and fungicide application.
The experimental units were groups of three trees, which were surrounded by eight field-grown trees to minimize edge and application drift effects. The treatments were 1) trees without foliar or soil application of Si (control), 2) trees treated with foliar Si sprays at 2 mLÁL -1 , 3) trees treated with soil Si application at 1 kg of the commercial product, and 4 trees treated with both foliar and soil Si applications at the doses described earlier. In both tests, the combined treatment (soil + foliar) kept the same Si doses because of environmental and physiologic considerations. Warm daytime temperatures (>33°C ) and scant rainfall were recorded in our study region (Fig. 1) , and are factors that condition foliar and soil nutrient uptake (Marschner, 2012) . The Si doses (soil or spray applications) in both tests were used in this work because they showed positive results in a previous study (Ram ırez-Godoy et al., 2018) . In this test, foliar applications were also conducted at 0 and 2 WAT between 0700 and 0900 HR with a backpack sprayer (using an application volume of 2 L/tree), wetting both the upper and lower surfaces of leaves. All foliar applications were without adjuvant. The edaphic application was performed at the beginning of the test (0 WAT), with the fertilizer Fig. 3 . Cumulative (A) adults, (B) nymphs, and (C) eggs of asian citrus psyllid on tahiti lime trees with different silicon applications (control, foliar, soil, and soil D foliar). Each point represents the mean of four values. Vertical bars represent ± SE.
• October 2018 28 (5) incorporated within the first 30 cm under the crown of the tree.
ACP POPULATION DENSITY ON TREATED CITRUS PLANTS. In the test on seedlings, the mean number of ACP eggs was quantified only, because no adults or nymphs were observed at the time of the evaluations. Regarding the tree test, the methodology described by S etamou et al. (2008) was also used to estimate the ACP population density. Relative infestation levels of ACP adults, eggs, and nymphs were estimated by inspecting four young shoots per tree at the four cardinal points. The mean number of ACP adults, nymphs, and eggs (individuals per shoot) was obtained. A 15· handheld magnification lens was used to count the eggs and nymphs in situ, with counts recorded by shoot. Samplings for both tests were conducted between 0 and 4 WAT at 7-d intervals.
FOLIAR ANALYSIS. Leaf samples were collected at the end of both tests (4 WAT) to determine whether the application of Si affected the nutritional status of tahiti lime trees. In the test conducted on trees, 40 mature leaves were collected from each tree. Leaves were always collected from the middle portion of the season's terminal growth. In the test with seedlings, about five physiologically active leaves were collected from the crown of each seedling. In general, leaf samples from the same treatment of each block were combined and collected in paper bags to perform a complete foliar analysis [N, phosphorus (P), potassium (K), Ca, magnesium (Mg), copper (Cu), iron (Fe), manganese (Mn), boron (B), zinc (Zn), and Si]. The samples were sent for analysis to the laboratory of the Faculty of Agricultural Sciences, National University of Colombia in Bogot a.
STATISTICAL ANALYSES. Analyses of variance (ANOVAs) were performed on the cumulative number of individuals and leaf nutrient concentrations data to compare treatment effects. To analyze ACP populations (cumulative numbers), the data were transformed (logX + 1) because these data were not normally distributed. Leaf nutrient concentrations were also transformed using the arcsine formula because data showed a binomial distribution. When differences were observed in the ANOVA, Tukey's test of means comparison was performed. The data were analyzed using the statistical program Statistix (version 9; Analytical Software, Tallahassee, FL).
Results and discussion
Significant differences were observed in the cumulative number of ACP eggs between Si treatments (foliar, soil, and soil + foliar) and control in the seedlings test. Control seedlings showed differences on cumulative individuals (eggs) from 2 (P = 0.026) and 3 WAT (P = 0.043). Control treatment showed a greater egg number (about 4 and 6 individuals per shoot) than Si-treated seedlings (about 1.8 and 2.2 cumulative individuals per shoot) at 2 and 3 WAT, respectively (Fig. 2) . In general, the application of Si treatments (either foliar, soil, or soil + foliar) reduced ACP oviposition in citrus seedlings around 60%. Short-term studies (4 weeks) carried out by Miranda et al. (2017) with foliar spraying of insecticides (rotation of neonicotinoid, organophosphate, and pyrethroid chemical groups) showed a control around 80% of ACP adults. Ram ırez-Godoy et al. (2018) found that foliar calcium carbonate sprays (a biorational insecticide) affected ACP oviposition negatively at around 60%. Based on these results, Si application may be useful as part of an integrated management program for ACP because it reduces oviposition directly.
In the tree test, treatment effects were observed in oviposition starting at 1 WAT (P = 0.031) and for the duration of the experiment (Fig. 3) . All Si treatments (foliar, soil, or foliar + soil) showed around four cumulative df = 3,11 df = 3,11 df = 3,11 df = 3,11 P = 0.693 P = 0.472 P = 0.157 P = 0.210
Leaf micronutrient concn [mean ± SE (mgÁkg individuals (eggs) per shoot, whereas untreated trees had 11.8 cumulative eggs.
Leaf macronutrient (N, P, K, and Ca) and micronutrient (B, Cu, Fe, Mn, and Zn) concentrations in seedlings did not show differences resulting from treatments, with the exception of Mg (Table 1) . Leaf Mg concentration (0.24%) was greater in seedlings treated with foliar Si than in the other treatments (about 0.2%). In the test on tahiti lime trees, the nutritional status (leaf macronutrient and micronutrient concentrations) was unaffected by any Si treatment (Table 2) .
Leaf Si concentration was affected by all treatments in both tests (Fig. 4) . In seedlings, the greatest leaf Si concentration (2.4 gÁkg -1 ) was observed in the soil application treatment, whereas the control showed the lowest value (1.2 gÁkg -1 ). In the tree test, leaf Si concentration was also enhanced when trees were treated with foliar and soil Si applications, obtaining a concentration of 2.3 gÁkg -1 compared with the other treatments, which registered an average concentration of 1.4 gÁkg -1 . In general, it was observed that Si uptake was equal among treatments in seedlings in comparison with control; however, Si concentration was different in trees receiving both foliar and soil applications compared with the other treatments.
Si is mainly transported from roots to shoots via transpiration stream (passive uptake) (Reynolds et al., 2016) . Plant transpiration and nutrient uptake are also conditioned by factors such as temperature or water availability (Marschner, 2012) . In the tree test, Si transport could have been limited by the combination of water-deficit conditions and warm df = 3,11 df = 3,11 df = 3,11 df = 3,11 P = 0.740 P = 0.070 P = 0.428 P = 0.073 P = 0.189 z 1 mgÁkg -1 = 1 ppm.
• October 2018 28 (5) daytime temperatures (Fig. 1) , despite the fact that trees were supported with supplementary irrigation. In addition, foliar fertilization is a complementary tool to supply nutrients under stressful conditions (Restrepo-D ıaz et al., 2008) . In consequence, the previous statements can help to explain why trees with combined Si showed a better response in comparison with trees treated with soil or foliar Si application. Although the analysis of cumulative number of adults did not show any differences among treatments, based on sampling trends it would be possible to infer that differences would have been found if sampling had continued for at least 3 weeks more. However, studies conducted by Ranger et al. (2009) and Yang et al. (2018) showed that soil Si fertilization also caused smaller adult populations of green peach aphid and spittlebugs in common zinnia (Zinnia elegans) and rice (Oryza sativa), respectively. ACP oviposition was the most affected stage by Si amendment on both seedlings and trees. Similarly, several authors report that one of the primary effects of the exogenous application of Si on the biology of sucking arthropods is on oviposition. Correa et al. (2005) reported that foliar Si applications reduced tobacco whitefly oviposition in cucumber.
The current study showed that soil and foliar Si applications enhanced plant resistance against ACP and also leaf Si concentration in tahiti lime. Our results suggest that the method that should be considered primarily by growers is soil + foliar Si application because it enhances leaf Si concentration and has an impact on ACP population. Assis et al. (2013) also reported that this combined strategy conferred resistance to sunflower plants against sunflower patch larvae.
In summary, Si application improved plant resistance to ACP populations in both tests. From all evaluated treatments, the Si combined supply caused a reduction in ACP oviposition and increased leaf Si concentration, mainly in trees. These findings also support previous results (Ram ırez-Godoy et al., 2018) in which Si application acted as a physical barrier and plant resistance promoter against ACP. Based on our results, we suggest that Si application can be a potential alternative for ACP management in nurseries or commercial orchards because it reduces ACP oviposition. Also, it may help to decrease the use of chemical synthesis insecticides and can increase natural enemy populations. However, further studies would be useful to estimate potential costs of Si applications as part of an integrated management program.
Literature cited
Assis, F.A., J.C. Moraes, A.M. Auad, and M. Coelho. 2013. The effects of foliar spray application of silicon on plant damage levels and components of larval biology of the pest butterfly Chlosyne lacinia saundersii (Nymphalidae). Intl. J. Pest Mgt. 59:128-134.
